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Reverse transcriptase-polymerase chain reaction study of anion
exchanger-2 in canine tissues and different Madin-Darby canine
kidney cell types. Reverse transcriptase-polymerase chain reac-
tion (RT-PCR) of mRNA from canine large intestine, skeletal
muscle, pancreas, kidney, and spleen and from cultured wild-type
and C7 and C11 Madin-Darby canine kidney (MDCK) cells
revealed considerable variation in anion exchanger (AE)1 and
AE2 mRNA levels between the tissues. Similar high levels of AE2
mRNA were detected in all the MDCK cell populations. AE2 in
MDCK cells is probably the basolateral Cl2/HCO3
2 exchanger
common to the principal and b-intercalated cells.
The renal cortical collecting duct (CCD) is a heteroge-
neous epithelium consisting of principal cells, acid-secret-
ing a-intercalated cells (a-ICs) and HCO3
2-secreting b-in-
tercalated cells (b-ICs). The a-ICs have a basolateral
Cl2/HCO3
2 anion exchanger (AE), which is the product of
the AE1 gene and is responsible for HCO3
2 reabsorption
[1]. AE2 mRNA is present at equivalent levels in principal
cells and b-ICs but at much lower levels in a-ICs [2]. Both
b-ICs and principal cells have a basolateral Cl2/HCO3
2
exchanger [1, 3], which is probably responsible for pHi
regulation. In addition, b-ICs have an apical Cl2/HCO3
2
exchanger mediating HCO3
2 secretion [4]. The identities
of these transporters remain unclear.
High levels of AE2 mRNA have been detected in CCD
[5]. Because overexpression of AE2 favors HCO3
2 extru-
sion after intracellular alkalinization [3], it is possible that
the exchanger is responsible either for HCO3
2 secretion in
b-ICs or for pHi regulation in principal cells and b-ICs.
The wild-type Madin-Darby canine kidney (MDCK) cell
line is a heterogeneous epithelial cell population used as a
model for the mammalian CCD. Two MDCK subtypes,
designated C7 and C11, have been isolated from a wild-type
MDCK cell population. The C11 clone resembles a mix of
a- and b-ICs [6]. A specific cell type within monolayers of
wild-type and C11 MDCK cells secretes HCO3
2 with rising
luminal [Cl] [7, 8]. The use of MDCK cells to study
Cl2/HCO3
2 exchanger activity is limited by the lack of
knowledge of the molecular characteristics of the exchang-
ers, both in MDCK cells and in canine tissues. We report
here the initial results of studies on AE2 in wild-type and
C7 and C11 MDCK cells and various canine tissues.
METHODS
Total RNA was isolated from cell cultures of wild-type
and C7 and C11 MDCK cells and from canine large
intestine, skeletal muscle, pancreas, kidney, and spleen
using Tri-Reagent (Molecular Research Centre, Cincin-
nati, OH, USA). PolyA1 mRNA from 6-mg total RNA
was isolated using Oligo-dT magnetic bead separation
(Deutsche Dynal, Hamburg, Germany) and was reverse
transcribed to produce a solid-phase cDNA library. A
polymerase chain reaction (PCR) primer pair was designed
from published rat AE1 and AE2 cDNA sequences to
amplify sequences of 885 bp from AE1 and 958 bp from
AE2 (rataef1, TGCTGTCATTTTCATCTACTTTGC; ra-
taer3, GTGGAAGCCAGAGCCCTT). A pooled PCR mix
sufficient for 50 ml per reaction was prepared to contain a
final concentration of 10 mM Tris-HCl, pH 8.3, 50 mM KCl,
1.5 mM MgCl2, 0.01% (wt/vol) gelatin, 15 mM each dNTP,
2% dimethyl sulfoxide (DMSO), 50 pmol of each primer
and 2.5 U Amplitaq Gold (Perkin Elmer). Half of the
bead-cDNA library from each sample was resuspended in
50-ml PCR mix. The thermocycling program was as follows:
10 minutes at 95°C, then 35 cycles of 94°C for one minute,
56°C for two minutes, and 72°C for three minutes, followed
by 10 minutes at 72°C and a holding temperature of 4°C.
The beads were separated and resuspended in 50-ml
GAPDH PCR reaction mix containing GAPDH forward
(CCCATCACCATCTTCCAGGAGC) and GAPDH re-
verse (CCAGTGAGCTTCCCTTCAGC) primers. The
thermocycler program was as follows: 10 minutes at 95°C,
then 35 cycles of 94°C for 40 seconds, 63°C for one minute
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15 seconds, and 72°C for one minute, followed by 10
minutes at 72°C and a holding temperature 4°C.
Based on published AE2 cDNA sequences, a PCR
primer pair was designed to amplify an 839-bp sequence 39
to the previous 958-bp PCR product, with a 212-bp overlap.
The PCR mixture contained the primers AGTGTGC-
CCAGCGGATTCTC (mouAE2f1) and AGCTACACAG
GCATGGGCAT (mouAE2r3). cDNA libraries from ca-
nine kidney and spleen and wild-type MDCK cells were
used as the DNA templates. The thermocycler program
was as follows: 10 minutes at 95°C, then 35 cycles of one
minute at 94°C, one minute 30 seconds at 58°C, and two
minutes at 72°C, followed by 10 minutes at 72°C and a
holding temperature of 4°C.
Selected PCR products were sequenced using the for-
ward and reverse PCR primers on an ABI 377 DNA
sequencer (MediGene, Martinsried, Germany). PCR prod-
ucts were cloned using a pCR-Script SK(1) cloning kit
(Stratagene, Heidelberg, Germany).
Digoxigenin (DIG)-labeled AE2 and GAPDH PCR
products were amplified for use as probes for Northern blot
analysis. The PCR reactions were as described earlier here,
except that the dNTP mix was replaced by 10% (vol/vol)
PCR DIG-labeling mix (Boehringer Mannheim, Mann-
heim, Germany). For the Northern blots, 15-mg total RNA
was transferred by upward capillary blotting onto nylon
membranes (Amersham Hybond-N1) using 20 3 SSC. The
RNA was fixed by UV-crosslinking. The hybridization and
DIG detection protocols were as described by Engler-Blum
et al [9].
RESULTS AND DISCUSSION
Reverse transcriptase-polymerase chain reaction ampli-
fied the anticipated 958-bp AE2 sequence from all the
canine tissue and cell types used, although there was
considerable variation in the yield of amplified product,
with the highest yields similar from all three MDCK cell
samples (Fig. 1). The canine tissues can be ranked in
descending order of AE2 band intensity as follows:
kidney . pancreas . spleen . intestine . muscle. The
same primer pair also amplified the 885-bp AE1 sequence,
but visible bands were only evident in the samples from
kidney and spleen. Although the a-ICs in the wild-type and
C11 MDCK populations are in the minority, some AE1
activity would be expected. The absence of visible AE1
PCR bands in our study may therefore reflect a preferential
hybridization of the primers to AE2 rather than AE1
cDNA in the presence of higher levels of AE2 cDNA and
should not be interpreted as the absence of AE1 cDNA.
The GAPDH primers amplified the expected 471-bp
product in all samples. The variation in yield from the
different tissues was smaller than for the AE products (Fig.
1). The GAPDH Northern blot (Fig. 2) and, to a lesser
extent, the GAPDH RT-PCR results (Fig. 1) show that
levels of GAPDH mRNA vary considerably between the
different tissues. This clearly indicates that GAPDH is
unsuitable for normalizing AE1 and AE2 RT-PCR band
intensities. Total RNA (4 mg) from each tissue, as deter-
mined by OD 260 values, was examined on an agarose gel.
28S rRNA band fluorescence intensities varied less be-
tween samples (Fig. 3) and were used for normalization.
Northern blots with the AE2 probe indicated a single
mRNA transcript of 4.3 to 4.5 kb (not shown).
An 839-bp 39-AE2 PCR product was amplified from
canine kidney, spleen, and wild-type MDCK cells. DNA
sequencing of the two AE2 PCR products has revealed the
sequence of 1198 bases corresponding to bases 2586 to
Fig. 2. Northern blot with the GAPDH probe.
Fig. 1. Agarose gels of the anion exchanger (AE)1/AE2 and GAPDH
reverse transcriptase-polymerase chain reaction (RT-PCR) products.
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3783 of the human AE2 sequence. This region of the canine
cDNA sequence shows 79% to 89% homology and the
predicted amino acid sequence 81% to 94% homology with
human, rabbit, mouse, and guinea pig AE2 over the
corresponding 39 region of the open reading frame. MDCK
cells possess a Cl2/HCO3
2 exchanger that plays a role in
pHi regulation following an elevation in pHi above ;7.1,
similar to the AE2 transporter, which is activated by
intracellular alkalinization and inactivated by intracellular
acidification [7]. Our PCR results indicate relatively high
and similar levels of AE2 mRNA in all the MDCK cell
populations. RT-PCR of sorted CCD cells [2] showed that
AE2 mRNA was present at equivalent levels in principal
cells and b-ICs and at much lower levels in a-ICs. The
majority of wild-type MDCK cells are either principal cells
or b-ICs, and because the C7 MDCK clone resembles the
principal cells and because the majority of the heteroge-
neous C11 MDCK cell population is peanut lectin positive,
resembling the b-ICs of the CCD [6], the similarly strong
AE2 RT-PCR bands from wild-type, C7, and C11 MDCK
cells in our study suggest that AE2 is probably the basolat-
eral Cl2/HCO3
2 exchanger common to the principal cells
and b-ICs, which are involved in pHi regulation.
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Fig. 3. Formaldehyde (1%) agarose gel of total RNA (4 mg/lane).
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